The autoregulatory loops of the circadian clock consist of feedback regulation of transcription/translation circuits but also require finely coordinated cytoplasmic and nuclear proteostasis. Although protein degradation is important to establish steady-state levels, maturation into their active conformation also factors into protein homeostasis. HSP90 facilitates the maturation of a wide range of client proteins, and studies in metazoan clocks implicate HSP90 as an integrator of input or output. Here we show that the Arabidopsis circadian clock-associated F-box protein ZEITLUPE (ZTL) is a unique client for cytoplasmic HSP90. The HSP90-specific inhibitor geldanamycin and RNAi-mediated depletion of cytoplasmic HSP90 reduces levels of ZTL and lengthens circadian period, consistent with ztl loss-of-function alleles. Transient transfection of artificial microRNA targeting cytoplasmic HSP90 genes similarly lengthens period. Proteolytic targets of SCF ZTL , TOC1 and PRR5, are stabilized in geldanamycin-treated seedlings, whereas the levels of closely related clock proteins, PRR3 and PRR7, are unchanged. An in vitro holdase assay, typically used to demonstrate chaperone activity, shows that ZTL can be effectively bound, and aggregation prevented, by HSP90. GIGANTEA, a unique stabilizer of ZTL, may act in the same pathway as HSP90, possibly linking these two proteins to a similar mechanism. Our findings establish maturation of ZTL by HSP90 as essential for proper function of the Arabidopsis circadian clock. Unlike metazoan systems, HSP90 functions here within the core oscillator. Additionally, F-box proteins as clients may place HSP90 in a unique and more central role in proteostasis.
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protein maturation | proteolysis T he circadian clock system sustains 24-h rhythmicity at the molecular and physiological level in most organisms that have been examined. A key function of the clock is to appropriately phase many essential physiological and biochemical processes in anticipation of the light/dark and temperature changes that occur each day. In both plants and animals impaired operation of the circadian clock results in reduced function and fitness, leading to increased propensity for disease and poor growth and reproductive success (1) (2) (3) (4) (5) .
The underlying basis of circadian clocks involves autoregulatory feedback loops that consist of positive activating and negative repressing elements that control gene transcription and protein activity and localization (6) (7) (8) . The Arabidopsis circadian system consists of at least three interlocked feedback loops. Although more than 20 different genes are associated with circadian timing in plants, only a small subset has been incorporated into coherent interaction schemes (9, 10) . Current models are based largely on transcriptional relationships, but increasingly posttranslational processes, such as regulated proteolysis, have been found to be critical for proper clock function (11) (12) (13) (14) (15) (16) (17) . In Arabidopsis, the F-box protein ZEITLUPE (ZTL) is an eveningphased clock component responsible for the proteasome-dependent degradation of TIMING OF CAB EXPRESION 1 (TOC1) and PSEUDO-RESPONSE REGULATOR 5 (PRR5). ztl mutants are long period and PRR5 and TOC1 protein damp to high levels in these backgrounds (18) (19) (20) . ZTL is constitutively transcribed, but ZTL protein oscillates in part through phasespecific proteasome-dependent degradation (12) . Uniquely, ZTL and related family members possess a light sensing domain [LIGHT, OXYGEN, VOLTAGE (LOV)] at the N terminus that confers increased stability in blue light (21, 22) . This feature provides a unique point of light input into the plant circadian system.
GIGANTEA (GI) is a plant-specific single-copy gene that acts as a posttranslational stabilizer of ZTL. In gi mutants ZTL mRNA levels are unaffected but ZTL protein is constitutively low (22) . Originally identified as a regulator of flowering time, GI is increasingly found as a factor in controlling a wide range of plant processes (23) (24) (25) . In the circadian clock, transcriptional cycling of GI mRNA drives an evening-phased peak in GI protein abundance rhythm. The GI-ZTL interaction is mediated through blue light absorbance by the ZTL LOV domain, which helps create and sustain a posttranslational rhythm of ZTL abundance that is in phase with GI through phase-specific proteasome-dependent degradation (12, 22) . This ZTL rhythm in turn contributes to the maintenance of high-amplitude oscillations of TOC1 and PRR5 (18, 22) .
The effects of GI deficiencies are highly pleiotropic, and the molecular mechanism of GI action is unknown, suggesting that other components contribute to the posttranslational stabilization of ZTL. The molecular chaperone HSP90 is an abundant and central cellular element essential to the maturation and stabilization of numerous regulatory proteins involved in signaling pathways (26, 27) . HSP90 acts as a dimer and in an ATPase-dependent cycle alternately complexes with and separates from additional factors and cochaperones to effect a kinetically dynamic process of client protein maturation. In plants, HSP90 is best characterized as associating with the cochaperone SGT1 to stabilize NLR proteins, which mediate plant defense mechanisms (28) (29) (30) . Additionally, HSP90 is important in phenotypic plasticity, developmental stability, and buffering of genetic variation (31) (32) (33) .
Here we establish the maturation of ZTL by HSP90 as essential for proper function of the circadian clock. These results also demonstrate a unique role for HSP90 in the direct control of proteolysis and protein homeostasis through F-box protein maturation. In addition, we find that the GI acts in the same pathway as HSP90, linking these two proteins to the same stabilizing mechanism governing the posttranslational regulation of ZTL.
Results HSP90 Depletion Lengthens Circadian Period. Previous reports demonstrating the importance of protein stability to clock function (11, (13) (14) (15) 22) led us to test whether protein maturation factors, such as HSP90, may also affect the circadian oscillator. We tested the effects of reduced levels of HSP90 activity on free-running period by treating young seedlings with geldanamycin (GDA), a specific inhibitor of HSP90 (34) . Plants expressing luciferase driven by the promoters of the morningphased core clock reporter genes LHY:luciferase (LHY:LUC) and CCA1:luciferase (CCA1:LUC) were treated with 2 μM GDA (or DMSO vehicle alone) and monitored for rhythmicity under continuous red light. GDA significantly lengthened the freerunning period as measured by both reporters by 0.6 h, relative to the control (one-way ANOVA, P < 0.001 for CCA1:LUC and P = 0.002 for LHY:LUC) ( Fig. 1 A and B and Table S1 ).
In Arabidopsis HSP90 homologs are encoded by three organellar (HSP90.5-7) and four cytosolic (HSP90.1-4) genes (31) . Because GDA treatment cannot distinguish among the seven types of HSP90 proteins, a stably transformed HSP90 RNAi line (RNAi-C) targeting cytosolic HSP90 genes was characterized for its circadian phenotype (32) . This RNAi-C line (35) was crossed into a CCR2: luciferase (CCR2:LUC) reporter background, and only segregants demonstrating HSP90 reduction (loss of apical dominance; Fig. S1 ) showed a significantly longer period (0.7 h) ( Fig. 1C and D, Fig.  S2A , and Table S2 ). These results are consistent with the effects of GDA and support the notion that cytosolic HSP90 is required for normal clock function in Arabidopsis.
As a final test we used transient transfection of gene-specific amiRNAs to avoid potential developmental effects of long-term HSP90 reduction. Arabidopsis leaf mesophyll protoplasts were cotransfected with the CCA1:LUC reporter plasmid along with either an artificial microRNA (amiRNA) targeting all four cytosolic HSP90 genes (amiRNA HSP90.1-4) or four individual amiRNA plasmids (amiRNA HSP90.1+2+3+4) designed to specifically target each of the cytosolic HSP90 genes (Table S3) . Transcript levels of the four cytosolic HSP90 genes were reduced to between 25% and 40% of their endogenous levels (Fig. S3) . Both approaches lengthened period by 0.7-1 h, consistent with a role for cytosolic HSP90 in circadian control ( Fig. 1 E and F,  Fig. S2B , and Table S4 ).
ZTL Levels Are Diminished by HSP90 Depletion. HSP90 acts on a functionally diverse set of clients, including transcription factors and kinases (26) . In Arabidopsis, a number of the cytosolic HSP90 genes oscillate with an evening phase under light/dark (LD) cycles (36) (Fig. S4) . This, together with the long period of HSP90-depleted plants, led us to consider the F-box protein ZTL as a candidate HSP90 client protein.
Seedlings were treated with GDA or vehicle (DMSO) at Zeitgeber time (ZT) 4 and harvested over an LD cycle. After DMSO treatment the normal oscillation in ZTL protein was observed, whereas GDA caused a significant and sustained reduction in ZTL levels ( Fig. 2 A and B ). The steady-state level of detectable ZTL in GDA-treated plants was similar to the minimum amount observed in controls (ZT 2-4). ZTL levels in the two long period RNAi-C lines (lines 19 and 83) were reduced to less than 50% of WT levels, whereas line 41 was as WT (Fig. 2C) . Taken together these results link HSP90-dependent stabilization of ZTL to the control of circadian period.
When similar experiments were performed in a ZTL protein null background (ztl-3), period was further lengthened by up to 4 h (Fig. S5) . These results are consistent with HSP90-dependent stabilization of ZTL family members FKF1 and LKP2: freerunning period in the ztl lkp2 fkf1 background is significantly longer than in the ztl mutant (37) . Experiments performed with radicicol, an additional HSP90 inhibitor, confirm the reduction of both ZTL and FKF1-TAP protein, supporting this notion (Fig. S6) . These results do not exclude the possibility of other HSP90 client proteins in the context of the circadian clock.
Molecular Phenotype of HSP90-Reduced Lines Phenocopy ztl Mutants.
Because TOC1 and PRR5 protein levels are strongly stabilized in ztl mutants, whereas PRR3 and PRR7 levels are unchanged (18) (19) (20) , we tested whether depletion of HSP90 could phenocopy the ztl mutant phenotype. Within 10 h of GDA application endogenous ZTL levels were reduced to between 20% and 40% of the DMSO controls, and over the time course levels continued to decline to ≈10% of the peak value (ZT 14) (ZTL panel in Fig. 2 E, G, I, and K). In contrast, TOC1 levels in GDA-treated seedlings continued to increase over the time course and remained high during the period when TOC1 normally declines ( Fig. 2 D and E) . PRR5 also showed a strongly reduced rhythm in the HSP90-depleted seedlings due to significantly higher PRR5 levels at trough time points (Fig. 2 F and G) . In contrast, the levels of PRR3 and PRR7 were essentially identical to the controls at all time points (Fig. 2 H and I, J and K). Taken together, the diurnal pattern of protein abundance of the PRR family members (TOC1, PRR5, PRR3, and PRR7) in the HSP90-depleted seedlings was very similar to that observed in ztl mutants (18) . Examination of the mRNA expression pattern of all five genes (ZTL, TOC1, PRR5, PRR3, and PRR7) under the same conditions showed that GDA and DMSO treatments were identical ( Fig. S7) , indicating that the changes in TOC1 and PRR5 protein occurred posttranscriptionally.
HSP90 Interacts with ZTL and Exhibits Holdase Activity in Vitro. We next tested whether ZTL interacts with HSP90 in vivo by performing coimmunoprecipitations (co-IPs) from transiently coexpressed ZTL and HSP90-HA in Nicotiana benthamiana leaves. ZTL was successfully detected in HSP90-HA immunoprecipitates from both light-and dark-treated tissues, indicating that a ZTL-HSP90 complex can form in vivo independent of light conditions (Fig. 3A) . Immunoprecipitations performed using an anti-ZTL antibody on extracts from WT Arabidopsis seedlings detected HSP90 in the immunoprecipitates (Fig. 3B ).
No detectable HSP90 was co-IPed from a ztl-3 null background, but HSP90 was detected in co-IPs using the protein-positive allele ztl-1 (Fig. 3B ). These results show that ZTL and HSP90 interact in vivo at endogenous levels and support the notion that ZTL is a client of HSP90. Yeast two-hybrid interaction tests confirm this result and suggest the interaction does not require additional plant-specific factors (Fig. S8 ).
To assess whether HSP90 can associate with ZTL in vitro and exhibit holdase activity, we performed a turbidity assay using ZTL as a substrate. This assay is commonly used to test for the first necessary step between a chaperone and client protein, which is a sustained and protective interaction under denaturing conditions (38, 39) . When ZTL alone, or in the presence of BSA, was denatured the level of light-scattering aggregates increased (Fig. 3C ). When ZTL was coincubated with increasing levels of HSP90, absorbance levels dropped, indicating the ability of HSP90 to associate with ZTL and protect against denaturation.
HSP90 and GI Are Linked in the Posttranslational Regulation of ZTL Protein. Although reduction in HSP90 levels triggers acute loss of ZTL, GI is also a key regulator of ZTL protein stability, with levels significantly lower in gi mutants (22) . Therefore, we tested whether GDA-mediated ZTL reduction resulted indirectly from an effect of HSP90 depletion on GI levels. We performed the same HSP90 depletion assay and time course sampling on GI: GI-TAP transgenic lines as described for the PRR experiments. Whereas ZTL levels were strongly reduced, neither GI mRNA levels nor GI protein levels were significantly affected by GDA treatment (Fig. S9 ). These data support the notion that the effects of HSP90 depletion on PRR protein levels are mediated through a direct effect on ZTL, independent of GI.
We next tested whether GI and HSP90 function in the same ZTL stabilization pathway. GDA treatment significantly reduced ZTL to 40-60% of DMSO-treated WT levels at ZT 2 and 14 ( Fig. 4 A and B) . Detectable ZTL was also diminished by GDA treatment to a similar extent at both time points when GI is mildly overexpressed (GI:GI-TAP) and in the strong ectopically expressing GI-OX background (Fig. 4 B and C) . These results indicate that reducing HSP90 can limit ZTL accumulation even at abnormally high GI levels, just as GI is limiting at endogenously high HSP90 levels [i.e., gi mutants (22)].
If HSP90 and GI act via independent but convergent pathways we would expect simultaneous reduction of both to act additively. When GDA was applied to gi mutants the low levels of ZTL in that background were not significantly reduced at either time point, relative to the DMSO controls (Fig. 4B ). Taken together, these results suggest that HSP90 and GI are tightly connected in the same ZTL-stabilization pathway.
Discussion

HSP90 Is Required for Proper Period Regulation of the Circadian Clock
System. Different and overlapping approaches to reduce endogenous levels of cytosolic HSP90 mutually support the notion that HSP90 is necessary to maintain normal function of the circadian oscillator in Arabidopsis. Although RNAi effectively reduced HSP90 cytosolic levels, this sustained loss over the entire early (A) ZTL and HSP90 interact independent of light conditions. N. benthamiana were grown in LD, and protein extracts from leaves transiently and ectopically expressing ZTL and AtHSP90.1-HA were harvested at ZT 8 (light) and at the equivalent time in dark-adapted leaves (dark) and cross-linked with 1% formaldehyde. Anti-HA immunoprecipitates (IP) were probed with anti-ZTL polyclonal antibody (coIP). (B) ZTL and HSP90 interact in Arabidopsis at endogenous levels. Seedlings were grown 7-10 d in LD cycles, harvested at ZT 13, and cross-linked with 1% formaldehyde. ZTL immune complexes from protein extracts were probed for endogenous ZTL (IP) and coimmunopreciptated endogenous HSP90 (coIP). Adenosine kinase (ADK) was used as loading control. ztl-3 was used as negative control; ztl-1 is a ZTL proteinpositive mutant allele. Arrows indicate migration position of ZTL or HSP90.
(C) ZTL is stabilized in the presence of AtHsp90.2 under thermal denaturing conditions. Bacterial-expressed and HPLC-purified MBP-ZTL (1 μM) was tested in the absence or presence of AtHSP90.2 in various molar ratios in a chaperone holdase assay (denaturating conditions: 26.6 mM guanidine·HCl and 45°C). Absorbance was measured over a time course of heat treatment. BSA was used as a negative control.
A growth of the plant means that circadian dysfunction might arise from the indirect effects of developmental or physiological defects. Transient amiRNA transfection in protoplasts avoided this concern, and the lengthened period supports results obtained from whole plants. The maintenance of very robust cycling in this assay also suggests that only a discrete set of clock factors are affected by HSP90. GDA treatments were able to reduce ZTL levels to 20-40% of peak (ZT 14), and RNAi-mediated reduction of HSP90 diminished ZTL to ≈40-50% of endogenous levels. If this reduction in HSP90 even partially affected a wide range of circadian factors, we might expect a more acute loss of robustness, similar to that observed in Drosophila (see below). Even weak alleles of certain circadian factors, such as ELF3, can severely diminish the robustness of oscillations (40, 41) . Similarly, the absence of an effect of GDA treatment on PRR3 and PRR7 levels (Fig. 2) implies that HSP90 is not involved in the regulation of these proteins, and their stabilization and turnover must occur through another mechanism. Given the wide-ranging role of HSP90 in the cell, it is not surprising that HSP90 affects some aspect of the circadian system. However, previous tests of the effects of HSP90 depletion on the clock in animals have shown little to no effect on period. In Drosophila, pharmacologically or genetically reduced HSP90 levels greatly diminished robustness of circadian locomotor activity and slightly lengthened period in certain strains (42) . This group concluded that HSP90 acts primarily downstream of the oscillator, affecting output pathway(s) that translate molecular oscillations into behavioral rhythms. In mouse, a systems-level analysis of an assortment of microarray data implicated HSP90 in a circadian gene regulatory network, primarily in the role of integrating regulatory inputs from a variety of environmental signals (43) . This is consistent with recent results linking HSF1, a client of HSP90 (44) , to temperature entrainment in peripheral oscillators in mouse (45, 46) . Hence, in these metazoan studies HSP90 has been implicated as an integrator of processes leading to (input) or from (output) the central oscillator. These previous studies have not linked HSP90 to a specific client protein within the core oscillator, as reported here.
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GDA application to the single-cell alga Ostreococcus tauri also lengthens period (47) . Although these results are similar to Arabidopsis, no ZTL homolog has been identified in this species (48) , although a recent report suggests that O. tauri possesses a ZTLlike protein lacking the blue light-sensing LOV domain (49) . The circadian oscillator in this alga seems to be quite simple, consisting of a TOC1-CCA1-based loop, although other components may still be identified. Because a GI homolog is also lacking (48) , it is likely that regulation of TOC1 differs in this species.
Under normal conditions HSP90 levels can be quite high, accounting for up to 1% of total cellular protein (27) . In Arabidopsis, HSP90.1 gene expression is stress-induced, whereas HSP90.2-4 have been described as constitutively expressed (50, 51) . However, recent data from the DIURNAL Project microarray repository (36) show robust diurnal and circadian oscillations of transcripts of some HSP90 transcripts (Fig. S4) . Because antibodies are lacking that are capable of distinguishing between these highly similar isoforms, the significance of these cycles remains unclear. We were unable to detect reproducible variations in total cytosolic HSP90 levels in Arabidopsis under diurnal cycles or under constant light after entrainment.
Alternatively, HSP90 activity in the context of the clock may be regulated posttranslationally. Recent reports have identified key phosphorylation sites on HSP90 that affect its ability to interact with a select subset of cochaperones, and consequently, client proteins (52, 53) . These findings clearly reveal that HSP90 abundance alone is not the sole determinant of its activity, because the phosphorylation of HSP90 by the yeast cell cycle-regulated kinase Swe1 implies a time-or development-specific window of HSP90 activation (53) . Phase-specific differences in the phosphorylation state of key proteins are important in the control of the clock (54) (55) (56) , and the possibility of similar regulation extending to HSP90 bears examination.
HSP90/GI Pathway. GI and HSP90 are both essential to the stabilization of ZTL. GI also shares with HSP90 the distinction of affecting a wide range of processes in plant development and physiology. Deficiencies in GI affect the circadian system (ZTL stability and temperature compensation) and flowering time but also lead to excess starch accumulation, alterations to sucrose metabolism, and altered sensitivity to light and oxidative stress (22) (23) (24) (25) (57) (58) (59) . Our tests indicate that GI and HSP90 likely act in the same pathway in the control of ZTL levels.
Specificity of HSP90 action resides in part with the different cochaperones that associate with the HSP90 complex during the maturation cycle (27, 60) . This can be a complex process, with the order of entry and exit from the cycle being specific to the particular client protein, and in most cases the specific cochaperone (s) are unknown. If found to directly participate in the HSP90 complex responsible for ZTL maturation, the late-phase oscillation of GI may be an example of how the circadian system can impose rhythmic regulation on otherwise constitutively present process. Additionally, because both gi mutants and HSP90 depletion act pleiotropically this unique pairing of two previously unconnected proteins opens up wider possibilities for their functioning together in other aspects of plant development.
F-Box Proteins as Unique HSP90 Clients. The involvement of HSP90 in the maturation of ZTL suggests a unique role in protein turnover. Previous work in plant defense has linked HSP90 to Cullin1-based Skp1-Cul-F-box protein (SCF) complexes through SGT1, a cochaperone that associates with both HSP90 and the Fbox protein Skp1 (29, 61) . Here the exact role of the HSP90-SGT1 association is unclear, but one possibility is to allow a target protein to associate with either HSP90 as a client or with Skp1 as an SCF substrate, depending on cellular conditions (61) . In yeast and humans the SGT1-HSP90 interaction with Skp1 is important to kinetechore assembly, suggesting a primary role in the proper assembly of multiprotein complexes (62, 63) .
Our results relating HSP90 to SCF ZTL expand on this latter notion. The assembly and disassembly of the SCF ubiquitin ligase complex is still poorly understood but involves modification of the CUL1 subunit by the addition of the ubiquitin-related protein RUB/NEDD8. This step facilitates assembly of a functional SCF complex. Later disassembly occurs as the COP9 signalosome removes RUB/NEDD8, freeing CUL1 to interact with CAND1, which inhibits the SKP1-Cul1 interaction (64, 65) . Our findings now suggest that HSP90 is directly involved in the regulation of the assembly of a functional SCF E3 ligase through an additional mechanism, that of the maturation of the essential F-box protein component of the ligase complex. With nearly 700 F-box proteins in plants (66) , specific cochaperones or other factors could associate with HSP90 in a cell-, tissue-, or development-specific manner and position F-box protein maturation as a finely tuneable step in the control SCF complex function. If found to be more widespread, this would place HSP90 in a unique and more central role in the regulation of proteolysis.
Materials and Methods
Plant Materials and Growth Conditions. Further information on experimental growth conditions, GDA treatments, plasmid constructions, and rhythm analyses used in this study are provided in SI Materials and Methods. (1), which targets the four cytosolic Arabidopsis HSP90 genes, was crossed into a CCR2:LUC + reporter background (2) . F1 seedlings exhibiting kanamycin (RNAi-C1, 50 μg/mL) and gentamycin (CCR2:LUC + , 50 μg/mL) resistance were selected, and antibiotic resistant F2 progeny were scored phenotypically at the adult stage for bushy growth, an indicator of HSP90 reduction (1). TOC1-YFP (TMG) (3) and the PRR:PRRn -GFP transformants have been described previously (4) . gi-2 (5), gi-201 (6), GI:GI-TAP (7), and 35S:GI-OX (8) have been described previously. All plant materials were grown under 12 h white fluorescent light (50-60 μmol m −2 s −1
)/ 12 h dark cycles (LD) for 8-12 d on MS media (Murashige and Skoog; GIBCO) plates with 3% sucrose and 0.8% agar, as previously described (9) . HSP90.1, .2, and .4 artificial microRNA (amiRNA) plasmids were generated using pAmiR-HSP90.1 (CSHL_078887), pAmiR-HSP90.2 (CSHL_079907), and pAmiR-HSP90.4 (CSHL_079899), which were obtained from ABRC. HSP90.1-4 and HSP90.3 amiRNA plasmids were generated using Web MicroRNA Designer 2 (http://wmd2.weigelworld.org). Primers for HSP90.1-4 and HSP90-3 amiRNA were specified using Web MicroRNA Designer 3 oligo design algorithm initiated using the RS300 vector sequence and the following core amiRNA sequences of the target genes (or common gene family) to generate each specific amiRNA (HSP90.1-4: TTAGAAAGCAGCGTACTCTTC; HSP90.3: TCT-CCCGAAAGTGTTGGGGTC). Overlapping PCR and subsequent subcloning was performed as described previously (10) . The amiRNA primers used are described in Table S5 .
Seedlings for luminescence rhythm analysis were grown and period estimates determined as previously described (9) unless otherwise noted.
For period determination experiments using geldanamycin (GDA), seedlings were grown on MS agar media in LD for 5-7 d and transferred at ZT 0.5 to 24-well tissue culture plates (BD Falcon) filled with water containing 0.3 mM luciferin (Biotium) and either 0.02% DMSO (vehicle control) or 2 μM GDA. Plates were then transferred to constant red light (17 μmol m −2 s −1
) for the duration of the experiment and imaged every 2 h. For protein expression experiments, 7-to 10-d-old LD-grown seedlings (MS agar media) were harvested at ZT 4, and remaining seedlings were then incubated in 0.05% DMSO (vehicle control) or 5 μM GDA in water-filled Petri dishes (60 × 15 mm) and harvested at the indicated times while a second addition of 5 μM GDA (or DMSO) was administered at ZT 14.
Protein Analysis. Protein extraction and immunoblot detections were performed as described previously (8) . For immunoprecipitation of ZTL and coimmunoprecipitation of HSP90, anti-ZTL polyclonal antibody was preincubated with protein A agarose (Invitrogen) at 4°C, after which protein extracts were incubated for 1 h with gentle rotation. Immune complexes were washed three times, resuspended in SDS/PAGE sample buffer, briefly heated, and subjected to SDS/PAGE and following immunoblotting. For HSP90 immunobloting, protein was transferred to PVDF membrane (Bio-Rad) and incubated with the affinitypurified anti-HSP90 antibody (1:1,000) for 4 h at room temperature or overnight at 4°C. The membranes were developed using peroxidase-conjugated secondary antibody (1:3,000-5,000) (GE Healthcare) by enhanced chemiluminescence (SuperSignal West Pico Chemiluminescent substrate; Pierce Biotechnology).
Ten-day-old Arabidopsis whole seedlings grown under 12 h light/12 h dark condition on MS plates or Nicotiana benthamiana leaves 3 d after agroinfiltration were subjected to in vivo protein cross-linking as previously described (11) .
The ORF of Arabidopsis Hsp90.2 (AtHsp90.2, At5g56030) and ZTL (At5g57360) was introduced into pET28a and pMal c2X to produce recombinant protein with 6xHis tag and maltose-binding protein (MBP-ZTL), respectively. The plasmids were transformed into Escherichia coli BL21 (DE3) pLysS for protein expression. E. coli cells harboring the plasmid were grown at 30°C until OD600 approached 0.8. Protein expression was induced by the addition of 0.5 mM (His-AtHsp90.2) and 1 mM (MBP-ZTL) isoprophyl-1-thio-β-D-galactopyranoside for another 3 h at 37°C, and the cells then were harvested by centrifugation. The harvested cells were resuspended in PBS and disrupted by sonication. After centrifugation, the resulting supernatant of His-AtHsp90.2 and MBP-ZTL was applied onto a Ni-NTA Sepharose CL-6B affinity column (Peptron) and Amylose resin (New England Biolabs), respectively. AtHsp90.2 protein was eluted by thrombin digestion (16 h/4°C) and MBP-ZTL eluted using 10 mM maltose in PBS. For buffer exchanges, the eluted proteins were subjected to gel filtration chromatography with elution buffer (50 mM Hepes, pH 7.5) by using an ÄKTA fast performance liquid chromatography system with a prepacked Superdex 200 HR 10/30 column (Amersham). Protein concentration was determined using a Bio-Rad protein assay. The chaperone activity of AtHsp90.2 was assayed by measuring its capacity to suppress aggregation of MBP-ZTL. Purified recombinant MBP-ZTL using affinity column chromatography was incubated with 10 mM DTT at room temperature for 1 h and then purified by PD-10 column (GE Healthcare) to remove remaining DTT in buffer. Reduced ZTL was confirmed by SDS/PAGE, and the fourth elution of MBP-ZTL (1 μM) was applied in the absence or presence of AtHsp90.2 with various molar ratios for holdase chaperone assay under denaturing conditions (26.6 mM Gn·HCl and 45°C) for 20 min by measuring the absorbance at 340 nm using a Beckman DU-800 spectrophotometer (Beckman Coulter) attached to a thermostatic cell holder assembly. BSA was used as a negative control.
PCR Techniques. RT-PCR was performed using conditions and sequences as previously described (4). Ubiquitin 10 (UBQ10, AT4g05320) was used as a control for semiquantitative RT-PCR analysis. For RT-PCR analysis using protoplasts, 800 μL of protoplasts were used for transfection using 200 μg of amiRcontrol, amiR-HSP90.1-4, or mixture of amiR-HSP90.1, 90.2, 90.3, 90.4 (50 μg per each amiRNA). Protoplasts were harvested at ZT 4 after 19 h incubation in the entraining chamber after transfection. RNA extraction and real-time quantitative PCR (qPCR) was performed as previously described (10) . RT-PCR primers used are described in Table S5 .
Luminescence Assay. Protoplast isolation and DNA transfection was performed as previously described with minor modifications (10) . Briefly, protoplasts were isolated at ZT 4 from 25-d-old were transferred into a 96-well microplate and incubated from ZT 9 under constant red light condition. Image collection and quantitation were performed as described previously with minor modifications (12) . Period lengths are reported as variance-weighted period ± SEM, which were estimated using bioluminescence data obtained from 36 to 144 h under constant conditions.
Yeast Two-Hybrid Interaction Assay. The protein-coding sequence of Arabidopsis HSP90.2 and ZTL were cloned into the donor vector (pDONR-221) and subsequently moved into the bait (pDEST32) and prey (pDEST22) vectors using the recombination-based Gateway cloning system (Invitrogen) according to the manufacturer's instructions. The primer sets are 5′-AAAAAGCAGGCTTCATGGCGGACGCTGAAACCTT-3′ and 5′-AGAAAGCTGGGTCGTCGACTTCCTCCATCTTGC-T-3′ for HSP90.2, and 5′-AAAAAGCAGGCTTCATGGAGT-GGGACAGTGGTTC-3′ and 5′-AGAAAGCTGGGTCCGTG-AGATAGCTCGCTAGTGA-3′ for ZTL. Sets of constructs including empty vectors were cotransformed into a pJ694A yeast strain. Yeast transformants were selected on glucose-based synthetic minimal medium (SD; 0.67% yeast nitrogen base, 2% glucose, amino acids dropout solution) deficient in tryptophan and leucine either in the absence or presence of histidine. Quantitative yeast two-hybrid interaction assays (β-galactosidase assay) were performed using ortho-nitrophenyl-β-D-galacpyranoside as a substrate according to published protocols (8) . β-galactosidase activity (Miller units) Fig. S8 . Interaction between HSP90 and ZTL using yeast two-hybrid analysis. Protein-protein interaction using ZTL-AD and BD-HSP90 plasmids was confirmed by β-galactosidase activity as described in SI Materials and Methods. These results are representative of two independent trials. Error bars indicate ±SEM (n = 3). Three to five GDA-treated seedlings (or DMSO-treated controls) were placed into 24-well plates and each well imaged as a pooled group (n = 12). Line RNAi-C was crossed to CCR2:LUC and three segregants identified. Individual seedlings were assayed in constant red light. MCB, multiple comparisons with the best. Transient transfection of CCA1:LUC alone (no construct) or CCA1:LUC plus one amiRNA plasmid targeting the four cytosolic HSP90 genes, or plus four amiRNA plasmids targeting four individual genes. Pools of protoplasts of each type were assayed in microtitre wells (n = 8). MCB, multiple comparisons with the best.
